Topographic scanning tunneling microscopy (STM) images of epitaxial single layer graphene on the Rh(111) surface reveal that extended single crystalline graphene domains are produced without any defects on a large scale. High resolution imaging shows that the moiré structure resulting from the lattice mismatch between the Rh(111) substrate and graphene is highly corrugated, containing regions of an additional spatial modulation in the moiré supercell compared with those previously reported for graphene on Ir(111) or graphene on Ru(0001). These areas, which correspond to the "bridge" regions of the moiré structure appear as depressions in STM images indicating a strong orbital hybridization between the graphene layer and the metallic substrate. Valence-band photoemission confirms the strong hybridization between graphene and Rh(111) which leads to the pronounced corrugation of the graphene layer. Our findings underline the importance of considering substrate effects in epitaxially grown graphene layers for the design of graphene-based nanoscale systems.
a strong spatial variation of the STM contrast, which was associated with the stronger chemical bonding compared with other mismatched graphene/transition-metal interfaces. As for the graphene/Rh(111) interface, which is believed to represent a transition case from strongly bonded and highly corrugated graphene/Ru(0001) to the weakly bonded graphene/Ir(111) system, 26 little information is available about the exact atomic arrangement of the graphene layer with respect to the substrate. The investigation of the atomic structure of graphene/Rh(111) may provide an important insight into the interaction of graphene with underlying transition metal substrates as well as deliver valuable information in potential applications, such as a possible template for the growth of metallic nanocluster arrays. 27 To this end, we address the structure and electronic properties by STM and photoemission spectroscopy (PES) of epitaxial single layer graphene on Rh(111). Highresolution imaging of the graphene surface shows that the moiré structure has a distinctly different atomic configuration compared with the previously reported structures for graphene on Ir(111) 17 or graphene on Ru(0001) 10,11,14 as well as for the h-BN "nanomesh" on Rh(111). 28 Surface areas showing the strongest interaction between the graphene layer and the metallic substrate are confined to the "bridge" regions of the moiré superstructure. Valence-band photoemission confirms the strong hybridization between graphene and Rh(111) which leads to the pronounced corrugation of the graphene layer.
All STM experiments were carried out in an ultra-high vacuum (UHV) system (base pressure 1×10 −10 mbar) equipped with an Omicron variable temperature scanning tunneling microscope.
All STM measurements were performed in the constant-current-mode at room temperature using Especially the "bridge-top" position, which we believe gives rise to the observed black depressions in the STM images, was found to be one of the most energetically stable configurations. 29 Interestingly, the observed pronounced bonding of the "bridge-top" regions is almost completely suppressed in graphene on Ru(0001) 10-14 where no local height variation within the half-cells of the moiré structure was observed. We also would like to point out that the atomic structure of graphene on Rh(111) also differs from those of h-BN "nanomesh" on Rh(111). 28, 31 Core level and valence band PES provides strong support for the strong variations in bonding interaction between the carbon layer and the Rh(111) substrate. [figure] [3] []3 (a) shows the C 1s photoemission spectra of graphene/Rh(111) and of graphene/Ni(111). In case of graphene/Rh(111) the line is split in to two distinct components with an energy separation of about 0.44 eV. In an earlier study this double-peak structure was associated with a significant corrugation of the graphene layer on strongly bonding substrates. 26 The component with lower binding energy is then due to the regions where graphene is weakly bonded to the substarte (A1), while the high-energy peak results from the strongly bonded regions (A2, A3 and especially A4). This assignment is confirmed by the absence of the lower energy feature in the strongly bonded, but relatively flat graphene layer on Ni(111) as well as by the interpretation of height differences in STM images of graphene/Rh (111) h-BN on Rh(111) was observed and assigned to the dielectric nature of h-BN and the difference of local work functions between the "hole" and the "wire" regions. 31, 32 For graphene/Rh(111) we observe no such splitting; this could be due to a smaller corrugation of the graphene layer or due to the metallic nature of graphene. Although both in h-BN/Rh(111) and in graphene/Rh(111) a strong vertical corrugation leads to the observation of two core-level lines, it turns out that the factors leading to the splitting are not sufficient to influence the valence band structure of h-BN and graphene layers in the same way. These findings coincide with the recently reported results of the study of the valence-band structure of the graphene/Ru(0001) system, where no splitting of π and σ bands could be observed. 33 In summary, we have grown epitaxial single layer graphene on the Rh(111) surface. Highresolution STM imaging shows that the graphene moiré structure has a distinctly different atomic configuration compared to those previously reported for graphene on Ir(111) or on Ru(0001) as well as for the h-BN "nanomesh". The graphene supercell contains additional regions in both supercell subunits where the graphene layer is strongly bonded to the Rh(111) surface. These additional areas appear as depressions in STM images which is an indication for the strong orbital hybridization between the graphene layer and the metallic substrate. We attribute these regions to the "bridge" regions of the moiré structure. Valence-band photoemission confirms the strong hybridization between graphene an Rh(111) which leads to the pronounced corrugation of the graphene layer. The presented results emphasize the importance of considering substrate effects in epitaxial graphene/metal systems for a rational design of graphene-based nanoscale systems. 
